To visualize the debonding event in real time for the study of dynamic crack initiation and propagation at the fiber-matrix interface, a modified tension Kolsky bar was integrated with a high-speed synchrotron X-ray phase-contrast imaging setup. In the gage section, the pull-out configuration was utilized to understand the behavior of interfacial debonding between SC-15 epoxy matrix and S-2 glass fiber, tungsten wire, steel wire, and carbon fiber composite Z-pin at pull-out velocities of 2.5 and 5.0 m s -1
Introduction
Fiber-reinforced composite materials are widely used, specifically under dynamic loading conditions, due to their high strength-to-weight ratios and high impact resistance. For an effective composite material, the interface between the fiber and matrix must be able to transfer load from fiber into the matrix and subsequently to other fibers. The loss of adhesion at the interface can greatly reduce the material strength.
On the other hand, a sudden failure of a strong interface is not desired for applications that require absorption of impact energy. Furthermore, the control of interfacial strength between the fiber and the matrix could be used to control the material properties of the composite materials. Thus, various techniques have been developed to study the interfacial properties of fiber-reinforced composite materials including the pull-out [1] , push-out [2] , microbond [3] , and single fiber fragmentation methods [4] . Detailed comparisons among these techniques are discussed elsewhere [5, 6] .
While most of the studies reported in the literature were conducted at quasi-static rates [5] [6] [7] , a few of them were also performed under dynamic loading conditions. At a quasi-static loading level, Yang and his coworkers studied the interfacial strengths and failure modes of E-glass fiber-polypropylene obtained by using the pull-out and microbond techniques at 0.01 mm min -1 [7] . Adhesive interfacial failure, leaving a clean surface with no residual resin around the debonded area, was found for the pullout recovered samples [7] . On the other hand, two failure modes were found for the microbond-recovered samples: adhesive interfacial failure and cohesive matrix failure (2-7 lm thickness of residual resin was observed around the debonded area of the fibers) [7] .
At the dynamic loading level, Hudspeth et al. performed pull-out experiments using a modified tension Kolsky bar with a high-speed synchrotron X-ray imaging system. The pull-out speed was 4 ms -1 to observe the debonding event of high performance, ultrahigh molecular weight polyethylene fibers in an epoxy matrix [8] . Tamrakar et al. also used a modified tension Kolsky bar to study the rate effects of interfacial shear strength and debonding energy for S-2 glass fiber with (3-glycidoxypropyl) trimethoxy silane coupling agent and epoxy resin DER 353 mixed with bis (p-aminocyclohexyl) methane curing agent at 1 lm s -1 and 1 m s -1 using the microbond technique [9] . The interfacial shear strength and debonding energy increased by factors of 1.7 and 2.6, respectively, when the loading rate was increased by six orders of magnitude [9] . Li. et al. conducted dynamic push-out experiments using a compression Kolsky bar at a sliding rate of 6 m s -1 and found that the maximum push-out force increased with increasing loading rate [10] . Tanoglu et al. also performed dynamic push-out experiments at 3 mm s -1 via a dynamic interphase-loading apparatus (DILA) to obtain the interfacial shear stress and energy absorption and found that the strength and energy absorption of E-glass/epoxy-amine interface are sensitive to loading rate [11, 12] . Greenfield developed a high strain rate single fiber fragmentation technique to study the interfacial shear stress at 1.2 m s -1 [13] . Even though an extensive number of studies have been done on the interfacial properties of fiber-reinforced composite materials, it is still uncertain how the crack initiates and propagates leading to the complete failure of the interfaces. Furthermore, the effects of loading rate on the debonding mechanisms need to be studied. To develop a physical understanding of the dynamic debonding process, the visualization of the interfacial behavior during the debonding event is desired in real time. Since the most common epoxy matrix used in fiber-reinforced composites (e.g., fill/toughened epoxy) is opaque to visible light, typical high-speed imaging techniques are not sufficient to study the subsurface damage and fracture behavior. Thus, a high-speed synchrotron X-ray phase-contrast imaging (PCI) technique was used to observe the interfacial behavior during the debonding event. The PCI technique provides high spatial and temporal resolutions to capture the failure initiation and progression under dynamic loading [14] . Four reinforcement types: S-2 glass fiber, tungsten wire, steel wire, and carbon fiber composite Z-pin, with SC-15 epoxy bead were used to study the interfacial behavior under high rate loading.
Materials and methods

Materials
The interfacial behavior under various loading rates was investigated for an epoxy bead (SC-15, Applied Poleramic, Benicia CA, USA) bonded to four types of fiber materials: S-2 glass fiber (Owens Corning, Toledo OH, USA), tungsten wire (McMaster-Carr, Elmhurst IL, USA), phosphate-coated 1080 carbon steel wire (McMaster-Carr, Elmhurst IL, USA), and carbon composite Z-pin. The Z-pins are made from pultruded carbon/epoxy rod stock (DPP Pultrusion, Tilburg, Netherlands). The S-2 glass fiber consists of numerous G-filament continuous glass strands and has a linear density of 675 TEX. Tungsten and steel wires were used because of their high electron densities compared to the SC-15 epoxy bead, which led to high contrast between epoxy bead and the reinforcements. S-2 glass fiber is a common fiber used in fiber-reinforced composite materials, and Z-pins are commonly used in composite materials in the through-the-thickness direction to reduce delamination [15, 16] . Furthermore, the Z-pins used in this study have a larger diameter as compared to S-2 glass which improved the visibility of the interface. The diameters for S-2 glass fibers, tungsten wire, steel wire, and Z-pins were 11, 50, 150, and 500 lm, respectively.
The surfaces of the four types of studied fiber material were cleaned with isopropyl prior to sample preparation to remove impurities from handling. The as-received S-2 glass was treated with an aminosilane, and steel wire was treated with phosphate by the manufacturers. No additional surface modifiers or treatments were used on the as-received fiber surface in the current study. The SC-15 epoxy was mixed with a resin to hardener ratio of 100:30 by mass. The epoxy resin was placed in a vacuum chamber at 300 torr for 5 h prior to sample preparation to remove trapped gases. After the epoxy was removed from the vacuum chamber, the epoxy was doped with 5% by mass of 1-22-lm-diameter stainless steel microspheres (Cospheric, Santa Barbara CA, USA).
For S-2 glass fiber, tungsten, and steel wires, the fiber material was placed on a cardboard strip with a 6.35-mm hole punched in the middle and the fiber material running across a slotted aluminum bar. The slot prevented the fiber material from contacting the work surface. The fiber material was fixed to the cardboard strip by placing epoxy adhesive ((DP-190, 3 M Inc., St. Paul, MN for S-2; JB Weld, J-B Weld Co., Sulfur Springs, TX for tungsten and steel wires) on both ends of the fiber (Fig. 1) . Then, SC-15 epoxy beads were placed on the middle section of fiber using a steel pin with a diameter of 150 lm. Once the epoxy was cured (48 h) at room temperature and in normal atmosphere, a set screw was placed on one end of the cardboard for mounting to the Kolsky bar apparatus. Furthermore, the right-hand side of the sample was snipped away along the dashed lines prior to each experiment as indicated in Fig. 1 . Since the right-hand side of the sample was snipped away, the prestress of laxation of fibers during sample preparation was avoided. Furthermore, prior to each experiment, the load signal was checked to ensure the starting point was from 0 to avoid prestressing the fiber material.
A different method was used for Z-pin sample preparation due to its larger diameter. First, a silicone rubber mold, made from pourable silicone rubber (OOMOO Ò 30, Smooth-On, Macungie PA, USA), was produced using an aluminum form (Fig. 2) . Then, SC-15 epoxy was filled in the circular cavity (as indicated in Fig. 2 ), and the Z-pin was placed in the filled epoxy cavity which was held in place by a Teflon cylinder. The bead size was 1.0 mm in height (embedded length) and 1.2 mm in diameter. The SC-15 epoxy was then cured for 48 h at room temperature and in normal atmosphere before removing the Z-pin samples from the silicone rubber mold.
High-speed synchrotron X-ray imaging
The high-speed synchrotron X-ray PCI technique was adapted to visualize the in situ debonding initiation and progression along the fiber-matrix interface. X-ray PCI was performed at beamline 32-ID-B of the Advanced Photon Source (APS) in Argonne National Laboratory, IL, USA. The high-speed X-ray PCI technique has been utilized to study different material behaviors (e.g., energetic materials, high performance fibers, sand particles, bovine bones, and S-2 glass cruciform composite materials) under dynamic loading conditions [8, [14] [15] [16] [17] [18] [19] [20] [21] . The high-energy (* 25 keV) X-ray allows imaging through opaque materials with high spatial and temporal resolutions. High-intensity synchrotron X-rays penetrate through the polymer materials studied here and hence can be used to observe the behavior at the fiber-matrix interface.
At beamline 32-ID-B, X-rays are generated using an undulator (1.8-cm period), where 24 bunches of electrons are maintained in a circular ring (circumference = 1140 m). Two sets of shutters, one slow and one fast, were used at the beamline to define a short time window for the intense white X-ray beam to pass through in order to prevent damage of the experimental apparatus and sample. The X-ray beam is collimated using an adjustable slit (1-2 mm 2 ). A single crystal scintillator (Lu 3 Al 5 O 12 :Ce, thickness: 100 lm) was used to convert the transmitted X-rays into visible light which was then captured using a high-speed camera (Shimadzu HPV-X2, Kyoto, Japan) via a 45-degree mirror and an objective lens 59, 109, or 209 magnification (depending on desired field-of-view and spatial resolution). The pixel resolutions were 6, 3, and 1.5 lm/pixel for the 59, 109, and 209 lenses, respectively.
Experimental setup
A modified tension Kolsky bar was used because of space limitations inside the beam line hutch [18] . The transmission bar from a traditional Kolsky bar setup was replaced by a load cell to record the load history. The incident bar had a diameter of 12.7 mm and a length of 2200 mm and was fabricated from aluminum 7075-T6. The coaxial brass striker tube used to generate tensile loading had an outer diameter of 19 mm and an inner diameter of 17 mm with a length of 900 mm and was accelerated by air (a gas gun). A two-layer annular shape masking tape (* 0.3 mm) was used as the pulse shaper. A 5-lbf quartz load cell (Model 9712B5, Kistler, Amherst NY, USA) was used for S-2 glass fiber, tungsten wire, and steel wire experiments, while a 5000-lbf quartz load cell (Model 9212B, Kistler, Amherst NY, USA) was used for the Z-pin experiments. The load cell was fixed on a rigid three-dimensional adjustable stage to record the loading history in the sample. The schematic of the experimental setup is present in Fig. 3 .
SC-15 epoxy bead
(a) (b) Figure 2 a Sample preparation for Z-pin. OOMOO Ò 30 pourable silicone rubber was poured in the aluminum mold. Once cured, the silicone rubber was used to prepare the Z-pin samples. b The Z-pin was held in place by machined Teflon cylinders.
The experimental setups for the S-2 glass, tungsten and steel samples and Z-pin samples were slightly different due to the difference in sample preparation. For S-2 glass fiber, tungsten, and steel samples, the set screw was previously fixed on the cardboard which was then mounted to the incident bar (Fig. 4) . The epoxy bead was held in place by a stainless steel bead holder (a slotted, hollow stainless steel pin). The bead holder was then mounted on a slotted screw which was fixed on the load cell. For Z-pin samples, the Z-pin was clamped between the jaws of a custom grip that was mounted on the incident bar (Fig. 5) . The epoxy bead was held in place by a machined thumb screw which was then mounted on the load cell. The squares around the epoxy beads shown in Figs. 4 and 5 indicate the X-ray window.
Results
The interfacial behaviors for S-2 glass, tungsten, steel, and Z-pin fiber materials with SC-15 epoxy were studied at pull-out velocities of 2.5 and 5.0 m s -1 . At least, ten experiments were performed for each fiber material at each velocity. Two interfacial debonding mechanisms were observed from the four fiber materials studied: catastrophic and stick-slip debonding. The average peak debonding forces and interfacial shear stresses (IFSS) of the four fiber materials at 2.5 and 5.0 m s -1 are listed in Table 1 .
With the known diameters and the obtained peak forces, the interfacial shear stress (IFSS) is calculated via Eq. (1) [9] where F is the peak debonding force, d is the diameter of the fiber, and l is the embedded length. Due to the large variation of the bead size for S-2 glass, tungsten, and steel fiber materials, the embedded lengths (listed in Table 1) were measured for each sample prior to every experiment using the image processing software ImageJ [22] .
From Table 1 , the S-2 glass fiber samples exhibited the lowest and Z-pin samples the highest average peak forces. However, S-2 glass fiber at 5.0 m s -1 exhibited the highest average interfacial shear stress. Furthermore, for S-2 glass fiber and Z-pin samples, an increase in average peak force and average interfacial shear stress was observed as the pull-out velocity doubled. In contrast, the peak force and interfacial shear stress were observed to decrease as the pull-out velocity was doubled for tungsten and steel samples.
S-2 glass fiber
S-2 glass fiber samples exhibited catastrophic debonding with both pull-out rates (2.5 and 5.0 m s -1 ) which can be clearly seen from the sudden drop in the force history after the peak force was reached (Figs. 6, 7) . The high-speed X-ray images and the corresponding force-time history for a representative S-2 glass fiber sample at the tensile velocity of 2.5 m s -1 are present in Fig. 6 . The epoxy bead started to align itself upon loading which caused a change in slope in the force history (Fig. 6a) . Then, the fiber started to pull out, causing a minor drop in the load (Fig. 6b) . However, the pull-out load further increased until the peak force was reached (Fig. 6c,  d ). The increasing load after Fig. 6b may have been caused by the epoxy forming a shell behind the epoxy bead which, in turn, required higher force for the fiber to be pulled out. However, this phenomenon was not observed in every S-2 glass experiment. By observing the epoxy residue bead in front of the epoxy bead (pointed with an arrow in Fig. 6a-d) , the movement of glass fiber pull-out initiation and progression could be observed.
The high-speed X-ray images and the corresponding force-time history for S-2 glass fiber at 5.0 m s -1 (Fig. 7) did not reveal the intermediate peaks that are observed in Fig. 6 . In the high-speed X-ray images in Fig. 7 , two small residual epoxy beads were observed in front of the epoxy bead (pointed with an arrow in Fig. 7 ). Observing these two beads revealed that the fiber started to pull out after reaching the peak debonding force (Fig. 7d) . Furthermore, the dark particles (dots) observed in the beads were the stainless steel particles added during sample preparation. These particles were also observed in the beads in tungsten, steel, and Z-pin samples.
Tungsten wire
Tungsten wire pull-out experiments exhibited both catastrophic and stick-slip interfacial debonding at both 2.5 and 5.0 m s -1 . A sudden drop after the peak force indicated a catastrophic debonding mechanism, whereas an oscillation back to zero after the peak force indicated a stick-slip debonding mechanism. The high-speed X-ray images and the corresponding force-time history for representative tungsten wire samples at tensile pull-out velocities of 2.5 and 5.0 m s -1 are present in Figs. 8 and 10 , respectively. At the pull-out velocity of 2.5 m s -1 , the bead first came into contact with the bead holder (Fig. 8a) . Then, the bead aligned itself and the tungsten wire started to pull out upon loading (Fig. 8b) . The tungsten wire continued to pull out (Fig. 8c) , and the tail of the wire was observed near the end of the pull-out event (Fig. 8d) . The pre-crack (as indicated with an arrow) in Fig. 8 opened up as the load progressed. A typical stick-slip debonding mechanism is shown in Fig. 8 . However, catastrophic debonding was also observed at this velocity as shown in Fig. 9a .
At the pull-out velocity of 5.0 m s -1 , the meniscus started to stretch as loading progressed (as indicated with an arrow in Fig. 10a) . Then, upon reaching the first peak of the force history, the meniscus and the fiber surface debonded causing a snap-back behavior in the meniscus region (as indicated with an arrow in Fig. 10b ). The tungsten wire continued to pull out, and crack initiation was observed near the interface between the meniscus and the fiber surface (as indicated with an arrow in Fig. 10c, d) . Again, Fig. 10 depicts a typical stick-slip debonding force history whereas Fig. 9b depicts a typical catastrophic debonding force history at 5.0 m s -1 . 
Steel wire
Steel wire samples also displayed both catastrophic and stick-slip interfacial debonding mechanisms under both 2.5 and 5.0 m s -1 . From Fig. 11  (2.5 m s  -1 ), catastrophic debonding was observed from the force history. The bead came into contact with the bead holder (Fig. 11a) . Then, the interface between the meniscus and fiber surface started to debond (pointed with an arrow in Fig. 11b, c) and finally reached the peak force (Fig. 11d) . A typical stick-slip debonding at 2.5 m s -1 is shown in Fig. 11a .
Stick-slip debonding was observed at 5.0 m s -1 (Fig. 13) . After the bead came into contact with the bead holder (Fig. 13a) , slight debonding was first observed on the top interface between the meniscus and fiber surface (pointed with an arrow in Fig. 13b ), followed by debonding on the bottom interface between the meniscus and fiber surface (pointed with an arrow Fig. 13c ). As the steel wire continued to pull out, the crack on the interface became more apparent (Fig. 13d) . A typical catastrophic debonding at 5.0 m s -1 is shown in Fig. 12b .
Z-pin
The debonding mechanism for Z-pin samples was catastrophic, similar to those obtained for the S-2 glass fiber samples. Due to the larger diameter of the Z-pin samples, the interface between the fiber and matrix was more apparent compared to those of the other fiber materials. Upon loading at 2.5 m s -1 , the epoxy bead fully contacted the bead holder (Fig. 14a) . Then, cracks began to initiate at the contacting area between the epoxy bead and the bead holder (pointed with an arrow in Fig. 14b, c) . Finally, the peak debonding force occurred where the entire pin started to slide through the epoxy bead (Fig. 14d) . A similar debonding mechanism was observed for Z-pin samples pulled at a tensile velocity of 5.0 m s -1 (Fig. 15) . In Fig. 15c, d , cracks were observed to propagate across the region pointed with an arrow. These were caused by a thin layer of epoxy that was formed around the neck of the pin during sample preparation.
Effect of stainless steel microsphere inclusions on tungsten and steel samples
As mentioned previously, tungsten and steel samples exhibited both catastrophic and stick-slip debonding behaviors. Such phenomenon may be caused by the inclusion of stainless steel microspheres in the epoxy beads of tungsten and steel samples. Thus, ten experiments were performed for tungsten and steel samples each at 2.5 m s -1 to observe the debonding behavior. Instead of mixing the stainless steel microspheres, the epoxy was doped with 0.1% by mass of \ 5-lm-diameter iron (III) oxide (Sigma- Aldrich, St. Louis, MO, USA) to improve its contrast. The peak debonding forces and interfacial shear stresses for both fiber materials with no embedded stainless steel microspheres are shown in Table 1 (indicated as 'no particles'). The average interfacial shear stresses for tungsten and steel are both higher for the samples without stainless steel particles embedded. Furthermore, only stick-slip debonding behavior was found for both tungsten and steel samples from the force-time history (Figs. 16, 17) . From the highspeed X-ray images for tungsten, the tungsten wire first came into contact with the bead holder (Fig. 16a) . Then, the wire started to pull out of the epoxy bead after reaching the peak debonding force (Fig. 16b) . The wire continued to pull out of the epoxy bead (Fig. 16c, d ). For steel wire, the load started to build (Fig. 17a) and reached the peak debonding force (Fig. 17b) . Then, the steel wire started to slide through the epoxy bead (Fig. 17c, d ). Since only stick-slip debonding was observed in both fiber materials, the catastrophic debonding behavior found in tungsten and steel samples with stainless steel microspheres was speculated to be caused by the inclusion of stainless steel microspheres. These particles act as defects along the interface.
Failure surface of recovered epoxy beads and fiber materials
Failure surface of recovered epoxy beads and the four fiber materials were examined using a NovaNano scanning electron microscope (SEM). Two images (fiber surface and epoxy bead) per fiber material at each pull-out rate are shown in Fig. 18 . A meniscus was observed in front of and behind on the epoxy beads for S-2 glass, tungsten, steel, and some Z-pin fiber materials. During sample preparation when epoxy beads are formed on the fiber surface, they conform to a cylindrical shape. Depending on the volume of the bead and the contact angle, a meniscus is unavoidable at the contact point of fiber and matrix [6, 23] . The SEM images revealed little to no damage on the bead surface caused by the bead holder and minor epoxy residue on the fiber surface for S-2 glass samples. The images of the epoxy bead from the tungsten samples indicated minor damage on the bead surface caused by the bead holder and no epoxy residue on the tungsten wire surface. On the other hand, the surface of the epoxy bead for the steel samples had apparent damage caused by the bead holder. This may be caused by the differences in the peak debonding forces obtained for tungsten (lower peak force) and steel wire (higher peak force). The damage caused by the bead holder on the bead surface may also affect the force history since the epoxy bead was deformed by the holder upon loading.
A similarity in failure behavior was discovered for S-2 glass fiber, tungsten, and steel wire samples at 5.0 m s -1 : a snap-back appearance of the meniscus. Snap-back behavior is defined in the following manner: the meniscus was stretched upon loading (before debonding). Then, when the debonding occurred, the stretched meniscus shrunk back (snapback) as the fiber started to pull out of the epoxy bead. This phenomenon was also observed in the high-speed X-ray images for tungsten and steel samples (Figs. 10, 13) . The images for Z-pin samples with meniscus displayed apparent damage on the bead surface whereas those without meniscus revealed little to no apparent damage on the bead surface since the bead holder and the cylindrical bead shares a flat contacting area. Little to no epoxy residue was found on the Z-pin surface.
Discussion
The scatter of the average peak forces and average interfacial shear stresses found in the four studied materials was speculated to be caused by: (1) nonuniform contacting angle for each experiment, (2) differences in embedded length, (3) meniscus forming around the fiber surface, (4) variation in the bead geometry and size, and (5) the non-uniformity of the fiber surface and embedded stainless steel particles [24] [25] [26] [27] . Although the bead size for Z-pin should be more uniform compared to the other three studied fiber materials, the meniscus forming around the pin in some samples could be the cause of the large scatter in the average peak force and average interfacial shear stress. Furthermore, even though Z-pin samples revealed the highest average peak debonding force among the four materials, the interfacial shear stress was similar to that of S-2 glass fiber samples. The maximum and minimum coefficients of variation of average peak force and average interfacial shear stress among the studied reinforcement were 60% in steel samples and 30% in Z-pin samples at 2.5 m s -1 . Two debonding mechanisms were observed in the current study: catastrophic and stick-slip debonding. The difference in debonding mechanisms could be caused by: (1) the texture of the fiber surface, (2) the size of the fiber material, (3) and the size of the epoxy bead. There is an order of magnitude difference observed between samples sizes; thus, it is likely that different mechanisms may be operative at different fiber sizes. Furthermore, a smaller size of the fiber could also be less likely to have critical defects on the fiber surface and thus be stronger. Further investigation would need to be performed to justify the listed reasons for the difference in debonding mechanisms.
To rigorously analyze rate dependency of the peak debonding force and interfacial shear stress, statistical hypothesis tests (t tests) were performed. The Anderson-Darling normality test was first performed to examine the normality of the experimental results in order to proceed with the t test. At the 0.05 level, it was concluded that the majority of the results were significantly drawn from a normally distributed population ( Table 2) . In other words, if the p value was greater than 0.05, the result was normally distributed. Thus, t tests were conducted for the peak debonding forces and interfacial shear stresses for all studied fiber materials at 2.5 and 5.0 m s -1 . At the 0.05 level, it was concluded that except for the peak debonding force of S-2 glass, the other properties of all studied fiber materials resulted in no significant difference with increasing pull-out velocities. Thus, the peak debonding forces and interfacial shear stresses for tungsten, steel, and Z-pin fiber materials are rate insensitive when increasing the velocity from 2.5 to 5.0 m s -1 . Only the peak force for S-2 glass fiber revealed a statistical difference when increasing the velocity. Such a phenomenon could be due to the variation in embedded length of S-2 glass samples.
The Anderson-Darling normality test and t tests were also performed to examine the statistical significance of the inclusion of stainless steel microspheres for tungsten and steel samples (at 2.5 m s -1 ). The results showed that there is no statistical difference in both the peak debonding force and interfacial shear stress for tungsten samples between epoxy beads with and without stainless steel microspheres. However, there is statistical difference in the peak Even though the force history obtained in the current study was similar to those obtained by Tamrakar et al., the interfacial shear stress was far lower than the reported values [9] . Tamrakar et al. obtained an interfacial shear stress of 80.6 MPa at 1 m s -1 with the embedded length ranging from 80 to 120 lm and determined that the interfacial shear stress of S-2 glass fiber was rate sensitive [9] . Thus, such a difference in the interfacial shear stress may be caused by the differences in embedded length, coating on the fiber surface, bead holder contacting angle, the type of the epoxy resin used, and the size of the epoxy bead. This indicates that the interfacial strength in a composite can be very different even though the materials involved are nominally the same. In the current study, even though a wide range of diameters of reinforcements was studied, the pull-out behavior of individual reinforcements was observed. Thus, size effect was not considered in this study.
Furthermore, even though the average interfacial shear stress increased with increasing pull-out velocity, there is no statistical difference in interfacial shear stress for all studied materials, thus displaying rate insensitivity in the velocity range studied. However, if the range of the velocity widens, rate effects may be more apparent [9] . A stick-slip debonding mechanism was also observed in the study of on stainless steel wire of 150 lm diameter with epoxy resin MY 750 and hardener HY 951 conducted by Takaku et al. [28] .
Conclusions
S-2 glass, tungsten, steel, and carbon composite Z-pin reinforcements with SC-15 epoxy beads were used to study the interfacial debonding behavior in shear under fiber pull-out velocities of 2.5 and 5.0 m s -1 . S-2 glass fibers and Z-pins displayed catastrophic debonding whereas tungsten and steel wires displayed both catastrophic and stick-slip debonding.
Due to the larger diameter for tungsten wire, steel wire, and Z-pin samples, crack initiation and propagation were more apparent in high-speed images compared to the S-2 glass fiber samples. High-speed images of the Z-pin debonding event revealed that the crack initiated from the contacting area between the bead and the bead holder leading to more crack formation around the neck of the pin. High-speed X-ray images of the tungsten and steel debonding event demonstrated that the crack initiated from the interface on the front end of the epoxy bead (the meniscus region).
Even though the average peak debonding forces and interfacial shear stresses (IFSS) increased for S-2 glass fiber and Z-pin samples and decreased for tungsten and steel wire samples with increasing pullout velocity, there is no statistical difference in both properties with increasing pull-out velocity for all studied fiber materials except for the peak debonding force for S-2 glass fiber samples. Moreover, from the high-speed X-ray images, the interfacial debonding mechanisms for all studied fiber materials at both 2.5 and 5.0 m s -1 were similar. Thus, the interfacial debonding behavior was concluded to be rate insensitive as the pull-out velocity doubled from 2.5 to 5.0 m s -1 . From the SEM images, the surface of the epoxy beads for steel and Z-pin samples revealed apparent damage caused by the bead holders whereas those of the S-2 glass and tungsten reveal little to no damage on the epoxy bead surface. Furthermore, the recovered beads for S-2 glass fiber, tungsten, and steel wire samples at 5.0 m s -1 revealed a snap-back behavior around the meniscus region.
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